Abstract This study evaluated the capability of Serratia marcescens ABHI001 to effectively degrade p-cresol through different techniques. The molecular identity of the laboratory isolate S. marcescens ABHI001 was confirmed through the 16S ribosomal DNA gene pattern, and its morphological features were investigated through fieldemission scanning electron microscopy. In addition, the degradation behavior of the isolate for cresol was verified using several techniques, including UV-visible spectroscopy, followed by high-performance liquid chromatography (HPLC), gas chromatography, and Fourier transform infrared spectroscopy. The maximum degradation percentage of 85% for p-cresol could be achieved after 18 h of incubation with S. marcescens ABHI001. The formation of p-hydroxybenzaldehyde, p-hydroxybenzoate, and protocatechuate metabolites was confirmed through HPLC. The study results indicate that S. marcescens ABHI001 may have applications in the bioremediation of organic pollutants, such as p-cresol.
Introduction
Industrial effluents in the form of wastewater contain several toxic pollutants, among which phenolic compounds, such as cresols, are well-known pollutants (Ansari et al. 2016) . A molecule of cresol has a methyl group substituted onto the phenol ring (Michałowicz and Duda 2007) . Cresol is produced by the methylation of phenol or by the hydrolysis of chlorotoluenes (Choquette-Labbé et al. 2014) . Based on the position of the methyl group on the carbon-carbon bond, cresols are characterized as ortho-, meta-, and para-cresol (o-, m-, and p-cresol, respectively). Among these isoforms, p-cresol is a highly toxic pollutant and a carcinogen; thus, exposure to even a low concentration of p-cresol results in adverse effects on the central nervous system, cardiovascular system, lungs, and the kidneys (Basheer and Farooqi 2012; ATSDR 2008) . Moreover, p-cresol is often used in disinfectants, fumigants, and explosives and for manufacturing synthetic resins (Balarak and Mahdavi 2016; Berge-Lefranc et al. 2012) . The Environmental Protection Agency (EPA) has classified p-cresol as a group C pollutant (ATSDR 1990) . Moreover, the World Health Organization recommends that the acceptable concentration of p-cresol in portable water is 0.001 mg/L (WHO 1963) . Because of its potentially toxic nature, there is an urgent need to reduce pcresol levels in wastewater before it is discharged into the environment (Fang and Zhou 2000) .
The shortcomings of physical and chemical treatment methods have long been argued, including the production of toxic intermediates, high cost of disposing final effluents, and partial mineralization of compounds (Saxena et al. 2013; Lim et al. 2014) . By contrast, the biodegradation method has several advantages, including relatively low cost, no chemical use, and high public acceptance. Therefore, this method offers more favorable opportunities to completely destroy the pollutants or at least transform them into nontoxic substances (Al-Khalid and El-Naas 2012). Furthermore, biodegradation is emerging as one of the ideal technologies for removing phenolic pollutants from the environment through the action of microorganisms (Bisht et al. 2015) . The final product generated by different biodegradation methods varies considerably, but the most frequent final product generated by the degradation of pollutants is carbon dioxide (Joutey et al. 2013) .
Extensive research has been conducted on the microbial degradation of phenolic compounds due to its viable characteristics in removing environmental toxins (Krastanov et al. 2013) . Numerous microorganisms exhibit high potential to utilize cresol as sole carbon and energy sources for their growth and survival (Ren et al. 2014; Reshma and Mathew 2014; Murthy and Gayathri 2017) . In a recent study, Xenofontos et al. reported an alkalophilic Advenella species (LVX-4) for the degradation of p-cresol (Xenofontos et al. 2016) . They noted that the LVX-4 strain possesses the ability to degrade p-cresol at a high concentration of 750 mg/L, and that this strain utilizes p-cresol for its growth at an optimum pH of 9 (Xenofontos et al. 2016) . Pseudomonas putida is another species that has been identified and characterized as a p-cresol-degrading organism. It is a Gram-negative aerobic bacterium that can grow optimally even at room temperature (Bouallegue et al. 2004 ). Surkatti and El-Naas (2014) examined the pcresol degradation ability of P. putida immobilized in polyvinyl alcohol gel. Furthermore, they conducted batch experiments at different concentrations of p-cresol and found that the maximum degradation occurs at a concentration of 200 mg/L (Surkatti and El-Naas 2014). Yao et al. (2011) identified a novel m-cresol-degrading strain named Lysinibacillus cresolivorans. They investigated the degradation rate of m-cresol at concentrations ranging from 54.1 to 529.1 mg/L. The experimental results suggested that the maximum reaction rate of 46.80 mg/h could be achieved at the initial concentration of 224.2 mg/ L for m-cresol (Yao et al. 2011) . However, to the best of our knowledge, the potential of Serratia marcescens to degrade p-cresol in wastewater has not yet been studied.
Therefore, the present study evaluated the p-cresol degradation ability of the bacterial strain S. marcescens ABHI001 that was isolated from the adjoining area of Mathura Refinery, Mathura, India. In addition, to confirm the capability of S. marcescens ABHI001 to effectively degrade p-cresol, various analytical techniques, such as UV-visible spectroscopy, scanning electron microscopy (SEM), high-performance liquid chromatography (HPLC), gas chromatography (GC), and Fourier transform infrared spectroscopy (FT-IR), were performed.
Materials and methods
Materials p-Cresol, phosphate buffer saline (PBS), glutaraldehyde (2.5%), ethanol (99.5%), sulphuric acid (H 2 SO 4 ; 98.0%), and dichloromethane (99.5%) were purchased from SigmaAldrich Chemie Riedster (Steinheim). All solvents used for HPLC were of HPLC grade and were sourced from Fisher Scientific (Mumbai, India). Nutrient media purchased from Hi-Media (India) was used as the growth medium for the bacterial strain.
Isolation, screening, and identification of the bacterial strain A soil sample was collected from the adjoining area of Mathura Refinery, Mathura, India. The soil sample was aseptically transferred to a 250-mL Erlenmeyer flask containing 50 mL of sterile distilled water. The flask was vigorously vortexed for 30 min on a vortex shaker. Microbial colonies were isolated on sterilized nutrient agar plates by using the serial dilution method. These plates were incubated at 30°C until morphologically distinct bacterial colonies appeared. Seven colonies exhibiting different morphological features, comprising two fungi and five bacteria, were screened, and bacterial colonies were further isolated for purification and degradation screening (p-cresol concentration of 0.003 mg/L). Time-bound subculturing of pure colonies was performed for preservation and experimental studies. Pure microbial colonies were stored at 4°C in a nutrient agar slant, and the glycerol stock of these colonies was preserved at -20°C. Subsequently, to screen for the isolate with the optimal degradation ability among the selected isolates, biodegradation screening studies were performed with each isolate (ABHI001, ABHI002, ABHI003, ABHI004, and ABHI005) at a p-cresol concentration of 0.003 mg/L. Furthermore, the molecular identification of the selected isolate was performed.
Molecular identification of the screened bacterial isolate
To confirm the molecular identity of the selected bacterial strain designated ABHI001, genomic DNA was extracted and used as the template for the polymerase chain reaction (PCR) amplification of the 16S ribosomal DNA (rDNA) gene. The PCR-amplified products were then purified and subjected to sequence analysis. A similarity search for the identified sequence was performed using the BLAST program of the National Center of Biotechnology Information.
Furthermore, phylogenetic investigation was performed using the neighbor-joining method with the MEGA software program (Tamura et al. 2007) , as shown in Fig. 1 .
Biodegradation study of p-cresol
For the biodegradation study, in a 250-mL conical flask, 10% inoculum of the isolated bacterial strain was inoculated into 100 mL of nutrient broth containing p-cresol concentrations ranging from 50 to 500 mg/L; the inoculated broth was incubated at 30°C with continuous shaking at 110 rpm. Furthermore, 3.0-mL samples were taken at a regular time interval of 2 from 0 to 26 h and were centrifuged at 8000 rpm to estimate the degree of degradation using a UV-visible spectrophotometer at the wavelength of 710 nm. The degradation percentage was calculated as follows:
Analytical investigation
Morphological analysis of the laboratory isolate through field-emission SEM For the morphological analysis through field-emission SEM (FE-SEM) (SIRIDN-2000) , the selected bacterial sample was subcultured for 24 h on a nutrient agar plate and then transferred to a centrifuge tube containing PBS at pH 7.0 after achieving full growth. The sample was centrifuged, and the resultant pellet was washed three times with PBS. Furthermore, 2.5% glutaraldehyde was added to this sample and incubated overnight at room temperature. Thereafter, the sample was again washed three times with sodium phosphate and cells were harvested. For dehydration, the cells were treated with serial ethanol dilutions (30, 50, 70, 80, 90 , and 100%) for 30 min each. A small amount of dehydrated cells was transferred over a clean silicon substrate and dried at room temperature for 30 min. For the visual characterization of microorganisms, FE-SEM was performed, and images were collected at an accelerating voltage of 30 kV.
HPLC analysis
HPLC (Dionex Ultimate 3000, Sunnyvale, California) was conducted to evaluate the p-cresol degradation ability of the screened bacterial isolate. In brief, 10% inoculum of S. marcescens ABHI001 was inoculated into the degradation broth flask containing medium and 85 mg/L p-cresol. Simultaneously, a control broth flask was also set up with aforesaid concentration of p-cresol and medium, but without any bacterial inoculum. Both these broths were incubated for 18 h. A 10-mL sample was collected from the degradation broth and control broth flasks, transferred to an Eppendorf tube, and centrifuged for 10 min at 5000 rpm (Eltec Research Centrifuge TC 4100 F). Subsequently, the obtained supernatant was filtered through a 0.2-lm microporous membrane. Furthermore, HPLC was conducted on a C-18 column at 30°C, and detection was performed on a UV detector at 270 nm. calculated by comparing the peak area and retention time (RT) of the degraded and control samples.
GC analysis
GC (Nucon 5765) was performed to further corroborate the p-cresol degradation ability and to identify the number of products formed. As described in Sect. 3.2, the sample was used for the estimation of the p-cresol degradation ability of S. marcescens ABHI001 after 18-h incubation; the control sample was also prepared as described in ''HPLC analysis'' section. For GC analysis, 10 mL of the p-cresol degraded sample was centrifuged for 5 min at 5000 rpm at a constant temperature of 25°C. The resultant supernatant was acidified to pH 2.0 using 0.5-mol/L H 2 SO 4 (98.0%). Subsequently, it was extracted three times using dichloromethane (99.5%) in an equal ratio in a separating funnel, with shaking at irregular gaps. Moreover, 1 lL of the control and degraded samples were injected into GC equipped with a splitless injector. The temperature of the oven was maintained at 90°C using a thermal conductivity detector, and GC analysis was performed on a Perkin Elmer column (Porapak Q, 60-80 mesh, 2 M 9 1.8 9 2 mm). The detector temperature and auxiliary temperature were set to 150°C, and nitrogen was used as the carrier gas, with a flow rate of 40 mL/min. The degradation percentage of p-cresol was calculated by comparing the number of peaks and RT of the degraded and control samples.
FT-IR analysis
As described in ''HPLC analysis'' section, the FT-IR analysis of the p-cresol degraded sample and control samples was conducted on a Perkin Elmer Spectrophotometer (Perkin Elmer, USA) with a scanning range of 4000-500 cm -1 . The samples were dried for 30 min in an oven; thereafter, they were directly placed in the sample cell of the spectrophotometer after pelletization with KBr. For degradation analysis, data on peaks were collected from the spectra of the samples.
Results and discussion

Identification of bacterial strains
The degradation percentage of p-cresol for all five selected bacterial isolates named ABHI001, ABHI002, ABHI003, ABHI004, and ABHI005 was estimated. As shown in Fig. 2 , in contrast to other four isolates, the maximum degradation percentage of p-cresol was observed for ABHI001, showing 100% degradation. Therefore, this strain was selected for further study. The identity of the isolate ABHI001 was confirmed through molecular characterization. The obtained 16S ribosomal DNA sequence of isolated ABHI001 was submitted to GenBank under accession no. KR866113. Phylogenetic analysis of the 16S rDNA sequence was performed using BLAST; the results indicated that the strain exhibited 100% homology with S. marcescens strain ITBB B5-1 (GenBank accession no.: JN896750.1). Based on the results of cladistic analysis and homology assessment, the selected bacterial isolate was designated as S. marcescens ABHI001, belonging to the class Gammaproteobacteria. Similar to all proteobacteria, Gammaproteobacteria are Gram-negative and known for their biodegradation ability of organic compounds (Zhang et al. 2015) .
Morphological and biochemical analyses of S. marcescens ABHI001 through FE-SEM
An FE-SEM micrograph of S. marcescens ABHI001 is shown in Fig. 3 . The micrograph suggests that it is a motile, rod-shaped bacterium with rounded ends, which are the most common characteristic features of S. marcescens. Zarei et al. (2010) and Khanam and Chandra (2015) also reported the same morphological features for S. marcescens B4A and S. marcescens KC1. To characterize and identify the bacterial isolate S. marcescens ABHI001 that exhibited the maximum degradation percentage of p-cresol, both its biochemical and physiological characteristics were examined. After Gram staining, the isolate was examined under a microscope with 10009 magnification. The isolate was found to be a Gram-negative, spore-forming, and rodshaped bacterium of varying lengths (Fig. 3) . Furthermore, biochemical tests, such as urease, catalase, oxidase, and indole production; methyl-red; Voges-Proskauer; and citrate (IMViC) utilization tests were performed, and the Table 1 . Zarei et al. (2010) performed biochemical and microbiological analyses to characterize the newly isolated S. marcescens B4A and found that this isolate was indole negative, methyl-red negative, and citrate positive. They also performed the Voges-Proskauer test and found red color formation, indicating its positive reaction.
Biodegradation of p-cresol through UV-visible spectroscopy
UV-visible spectrophotometer analysis was performed to screen the p-cresol degradation ability of the bacterial isolate S. marcescens ABHI001. It was observed that the time required by S. marcescens ABHI001 to degrade pcresol depended on the initial concentration of p-cresol. The maximum degradation percentage was observed at a pcresol concentration of 85 mg/L (85%) in 18 h. Degradation decreased as the initial concentration of pcresol increased. For the initial concentration of 500 mg/L, p-cresol degradation declined to 30% in 18 h, as shown in Fig. 4 . Such a reduction in the degradation rate at a higher concentration has been attributed to the toxic effect of pcresol. Liu et al. (2016) utilized Acinetobacter calcoaceticus PA for the biodegradation of phenol at the initial concentrations ranging between 200 and 2500 mg/L. The strain effectively removed 91.6% of phenol at the initial concentration of 800 mg/L within 48 h and showed an acceptance of phenol concentrations up to 1700 mg/L at a degradation rate of 46.2%. In a previous study, phenoldegrading bacteria incubated with an initial phenol concentration higher than 2000 mg/L showed no growth; this finding was attributed to the inhibitory effect of higher phenol concentrations (Liu et al. 2016) . A similar observation was documented by Singh et al. (2008) , who demonstrated the p-cresol degradation behavior of Gliomastix indicus over a wide range of the initial p-cresol concentrations (10-700 mg/L). They found that the rate of substrate consumption reduced as the initial concentration increased due to the augmentation of inhibition by the substrate p-cresol (Singh et al. 2008) .
Biodegradation analysis of p-cresol through HPLC
To understand the degradation product and degradation pathway, HPLC analysis of p-cresol degraded samples was performed against the control. Before degradation, the sample exhibited a single peak with an RT of 1.57 min, confirming the characteristics of pure p-cresol. By contrast, after 18 h of incubation, the sample exhibited various peaks with the RTs of 2.29, 2.34, and 2.56 min, suggesting that the degradation of p-cresol resulted in the formation of different metabolites (Fig. 5) . Based on the aforementioned observation, it can be hypothesized that the bacterial strain S. marcescens ABHI001 utilizes p-cresol as the sole carbon and energy sources by converting it into p-hydroxybenzaldehyde through the p-cresol methylhydroxylase enzyme. Thereafter, p-hydroxybenzaldehyde is oxidized into p-hydroxybenzoate by dehydrogenase; subsequently, p-hydroxybenzoate hydroxylated to form protocatechuate through the ortho-cleavage pathway. These results are in agreement with those of Saxena et al. (2013) who performed the HPLC analysis of phenol degradation. They noticed that the peak completely disappeared after 70 h of incubation, indicating almost complete degradation of phenol and the simultaneous accumulation of a new compound with an RT of 7.62. This may be due to the production of catechol as a result of the ortho-ring cleavage of phenol (Saxena et al. 2013 ). In addition, Bossert et al. reported the ability of a denitrifying bacterial isolate (PC-07) to oxidize p-cresol to p-hydroxybenzoate (pOHB). They established that PC-07 performed the anaerobic oxidation of p-cresol to pOHB through p-hydroxybenzyl alcohol and p-hydroxybenzaldehyde (pHBZ) intermediates (Bossert et al. 1989) .
Biodegradation analysis of p-cresol through GC analysis
Before degradation, the p-cresol degraded sample exhibited a single peak with an RT of 1.9 min (Fig. 6a) . However, two peaks were obtained after 18 h of incubation, with RTs of 1.72 and 5.28 min, respectively, as shown in Fig. 6b . The transformation in the shape of absorption peaks at varied RT not only showed the alteration of p-cresol into other products, but also suggested the high biodegradability of p-cresol. Lin et al. (2008) performed GC analysis of chlorinated phenols produced from the degradation of an industrial effluent by P. fluorescens isolate. The analysis showed the existence of two phenolic compounds in the effluent. The major compound was observed at 6.10 min, and the minor compound was observed at 7.73 min, indicating the degradation percentage of phenol (Lin et al. 2008) . Furthermore, Basheer and Farooqi (2012) conducted chromatographic analysis to ascertain the number of metabolites formed from the biodegradation of p-cresol on the basis of the RT and peak area.
Biodegradation analysis of p-cresol through FT-IR
IR is a versatile analytical tool for the characterization of the molecular structure of compounds through characteristic vibrational absorption. Before degradation, the FT-IR spectra of p-cresol ( Fig. 7(a) ) exhibited a characteristic peak at 3625 cm -1 , which was assigned to the presence of an OH group, and a peak at 2956 cm -1 , which was assigned to C-H stretching. Peaks at 1750 and 1603 cm -1 Fig. 4 Effect of the initial pcresol concentration on degradation of p-cresol by bacteria Serratia marcescens ABHI001. Initial conditions: concentration of p-cresol = 50-500 mg/L, inoculum concentration = 10%, incubation time = 26 h were assigned to the presence of CH 3 bending. Figure 7b depicts significant changes in the FT-IR spectra of p-cresol after 18 h of incubation, showing a shift in the peak at 1644, 1403, 1077, and 2961 cm -1 . A broad peak at 3416 cm -1 was evident in the spectra, which was assigned to the presence of an OH group. Thus, the FT-IR analysis confirmed that p-cresol was degraded into other compounds. This phenomenon has also been reported in the study by Edalli et al., in which the IR spectrum of metabolites produced by the degradation of p-cresol showed shifting of characteristic absorption bands vis-à-vis at its initiate state (Edalli et al. 2016) . Furthermore, Huang et al. investigated the microbial biodegradation of 3,5-xylenol or m-cresol by P. putida NCIMB 9869 through FT-IR spectroscopy (Huang et al. 2006 ).
Conclusion
In this study, a laboratory isolate, S. marcescens ABHI001, was reported to degrade p-cresol effectively. The p-cresol degradation efficiency of the strain was confirmed through various analytical studies. The maximum degradation ability of the isolate was found at a p-cresol concentration of 85 mg/L at 18 h, which was confirmed through UVvisible spectroscopy, HPLC, GC, and FT-IR. Hence, the laboratory isolate S. marcescens ABHI001 may be utilized for the industrial-scale degradation of p-cresol discharged from industrial wastewater.
